The activity and morphology of mitochondria are maintained by dynamic fusion and fission processes regulated by a group of proteins residing in, or attached to, their inner and outer membranes. Hypoxia-induced gene domain protein-1a (Higd-1a)/HIMP1-a/HIG1, a mitochondrial inner membrane protein, plays a role in cell survival under hypoxic conditions. In the present study, we showed that Higd-1a depletion resulted in mitochondrial fission, depletion of mtDNA, disorganization of cristae, and growth retardation. We demonstrated that Higd-1a functions by specifically binding to Optic atrophy 1 (Opa1), a key element in fusion of the inner membrane. In the absence of Higd-1a, Opa1 was cleaved, resulting in the loss of its long isoforms and accumulation of small soluble forms. The small forms of Opa1 do not interact with Higd-1a, suggesting that a part of Opa1 in or proximal to the membrane is required for that interaction. Opa1 cleavage, mitochondrial fission, and cell death induced by dissipation of the mitochondrial membrane potential were significantly inhibited by ectopic expression of Higd-1a. Furthermore, growth inhibition due to Higd-1a depletion could be overcome by overexpression of a noncleavable form of Opa1. Collectively, our observations demonstrate that Higd-1a inhibits Opa1 cleavage and is required for mitochondrial fusion by virtue of its interaction with Opa1.
M
itochondria are active in respiration, oxidative phosphorylation, calcium homeostasis, and apoptosis. They are highly dynamic organelles subject to continuous fusion and fission processes that are essential for maintaining their morphology and activity (1) . Several components of the mitochondrial fusion and fission machinery have been identified. Mitofusin 1 and 2 (Mfn1 and Mfn2) are mitochondrial outer membrane GTPases (2, 3) that form homodimers and heterodimers and tether adjacent mitochondria during mitochondrial fusion (4) . Optic atrophy 1 (Opa1) is a dynamin-related GTPase that resides or attaches to the mitochondrial inner membrane, facing the intermembrane space (5) . It plays a role in inner membrane fusion, cooperating with Mfn1 to regulate fusion of the two mitochondrial membranes (6) . Dynamin-related protein 1 (Drp1) can assemble into multimeric ring-like structures, wrap around the constriction sites of dividing mitochondria, and lead to mitochondrial fission (7). Opa1 has eight alternatively spliced isoforms (8) . The Opa1 protein is further processed to produce variants of the long (L) and short (S) isoforms, both types of which are required for mitochondrial fusion (9) . There are constitutive and induced sites of cleavage in Opa1. Constitutive cleavage is performed at exon 5b by the i-AAA protease Yme1L and is required for optimal fusion of mitochondria (10, 11) . Inducible Opa1 cleavage can occur under various conditions, such as loss of mitochondrial membrane potential, apoptosis, and decreased ATP levels, and can completely inactivate Opa1 (10, 12, 13) . Although the inducible cleavage by OMA1 protease is known to occur in exon 5 (14, 15) , its precise mechanism of cleavage and role in inner membrane fusion remain to be clarified. Opa1 has additional roles in maintaining mitochondrial inner membrane structure and in the remodeling of cristae (16, 17) .
Hypoxia-induced gene domain protein-1a (Higd-1a) was referred to as hypoglycemia/hypoxia inducible mitochondrial protein1-a (HIMP1-a) (18) or just hypoxia induced gene 1 (HIG1) (19) (20) (21) . It is a 10.4-kDa mitochondrial inner membrane protein and is predicted to have two transmembrane domains oriented in an "N-terminal outside-C-terminal outside and loop inside" conformation (18) . It is thought to promote the survival of the α and β cells of the pancreas under conditions of stress (18) . Although it is induced by hypoxia and promotes survival, its modes of action remain to be clarified. We showed that Higd-1a-transfected cells underwent significantly less apoptosis, as the result of inhibition of the release of cytochrome c and reduction of caspase activities (22) . In the present study, we found that Higd-1a protects the Opa1 L isoform from induced cleavage. Higd-1a silencing results in loss of the L isoform, along with mitochondrial fission, loss of mtDNA, cell growth retardation, and disorganization of the cristae. Higd-1a does not act as a homomultimer but rather interacts with Opa1 in an association that appears essential for Higd-1a function.
Results
Silencing of Higd-1a Affects Mitochondrial Fusion. To study the role of Higd-1a, we assessed the effect of Higd-1a knockdown by transfecting siRNA into HEK293T and HeLa cells. The reduced expression of Higd-1a after siRNA transfection was confirmed by immunoblotting with polyclonal anti-Higd-1a (Fig. 1A) . Because Higd-1a is an inner mitochondrial membrane protein, we first examined the morphology of mitochondria by staining with MitoTracker. Transfection with Opa1 and Mfn1 siRNA resulted in mitochondrial fragmentation, as reported ( Fig. 1A) (10, 23) . Silencing of the fission-related proteins Drp1 and Fis1 resulted in mainly elongated mitochondria, and silencing of Drp1 gave rise to the highest proportion of cells with tubular mitochondria (80.4 ± 2.5% of 200 cells observed and counted). We found that silencing of Higd-1a in HeLa cells resulted in highly fragmented mitochondria in 89.3 ± 3.5% of the cells examined; the mitochondria resembled the dot-like fragmented mitochondria seen in cells transfected with Opa1 siRNA (96.1 ± 2.3%) or Mfn1 siRNA (81.5 ± 4.3%). It was shown that when HeLa cells were transfected with both Drp1 siRNA and Opa1 siRNA, the mitochondria lost their elongated shape (24) . This result suggested that optimal expression of Opa1 was required to generate the fused and interconnected shape of mitochondria. Therefore, we attempted to silence Drp1 and Higd-1a together (Fig. 1B) . Simultaneous silencing of Drp1 and Higd-1a gave rise to fragmented mitochondria (78.5 ± 6.2%) resembling the dot-shaped mitochondria of Drp1-and Opa1-silenced cells (74.7 ± 7.5%). Therefore, Higd-1a depletion prevented the formation of the tubular-shaped mitochondria characteristic of Drp1-silenced cells, indicating that Higd-1a is required for the optimal fusion of mitochondria in Drp1-silenced cells.
The Opa1 L Isoforms Are Further Cleaved in the Absence of Higd-1a.
From Fig. 1B it can be seen that Higd-1a depletion affects the ratio of L and S forms of Opa1 as does silencing of Drp1. Möpert et al. reported that persistent loss of Drp1 led to processing of Opa1 to shorter forms (24) . We therefore examined the levels of fusion-and fission-related proteins in Higd-1a-depleted cells. In HEK293T cells depleted of Higd-1a, levels of Mfn1, Fis1, Drp1, and Hsp60 were unchanged. However, the expression of L and S Opa1 isoforms was altered ( Fig. 2A) . Opa1 protein produced from eight different alternatively spliced forms of mRNA are further cleaved by proteases (8, 9) . Therefore, five different bands, labeled a-e, of Opa1 are observed by immunoblot analysis. In control cells transfected with scrambled siRNA, b and d are the major bands. In Higd-1a-silenced HEK 293T cells, the intensity of band b is greatly decreased and those of bands c and e increased. Three siRNA oligonucleotides targeting different regions of Higd1a RNA gave similar results of depleting Higd-1a with enhanced appearance of the shorter bands of Opa1 (Fig. 2B) . These results suggest that the fragmented shape of mitochondria in Higd1a-silenced cells is probably caused by the changes in the Opa1 isoforms.
Higd-1a Depletion Causes Cristae Disorganization and mtDNA Loss.
Opa1 has been shown to be involved in cristae remodeling, and Opa1 depletion caused disorganization of the structure of the mitochondrial inner membrane (16, 17) . Therefore, we observed the mitochondria of Higd-1a-depleted cells under the electron microscope. The mitochondria were found to be fragmented with hollow-shaped cristae, like those of Opa1-depleted cells (Fig. 2D) . Thus, Higd-1a also plays a role in the maintenance of cristae organization. We also checked mtDNA content because optimum levels of mitochondrial fusion and fission are required to preserve the integrity of mtDNA (25) (26) (27) (28) . mtDNA content was significantly reduced in the Higd-1a-depleted cells, as in Opa1-and Drp1-depleted cells (Fig. 2C) .
Silencing of Higd-1a Leads to Growth Retardation. Next we sought to identify the cellular changes resulting from Higd-1a silencing. Higd-1a protein levels were reduced by 80∼90% in the cell lines tested for up to 6 d after siRNA transfection (Fig. 3A) . Higd-1a silencing led to growth inhibition in both cell lines tested using Trypan blue exclusion. After 6 d, cell numbers in the Higd-1a-depleted HEK293T and HeLa cultures were only 38.2 ± 0.5% and 41.1 ± 2.6%, respectively, of those in control siRNA-transfected cells (Fig. 3B ). Using crystal violet staining, we consistently stained far fewer viable cells in the Higd-1a-depleted cultures than in those transfected with scrambled siRNA (Fig. 3C) . We examined whether the growth retardation was caused by increased apoptosis or reduced proliferation. Flow cytometry analysis showed that knockdown of Higd-1a reduced the number of cells in S phase of the cell cycle (from 20.2 ± 0.8 to 12.1 ± 0.3%; Fig. 3D ). Concomitantly, culture in the presence of BrdU for 24 h on the third day after transfection resulted in significantly less BrdU incorporation into replicating DNA in the knockeddown Higd-1a cells than in those transfected with scrambled siRNA (Fig. 3E ). There was no sign of apoptosis in the cultures depleted of Higd-1a, because the percentages of Annexin V -/ propidium iodide -cells were unchanged (Fig. 3F ). In addition, no membrane permeabilization was evident during the course of the experiment (Fig. 3G) . Levels of mitochondrial ATP were minimally changed in the Higd-1a-depleted cells. However, total cellular and cytoplasm ATP levels were ∼20% higher than in cells transfected with scrambled siRNA (Fig. S1 ). This increase was probably caused by the significant slowing of ATP-consuming processes, such as cell proliferation and DNA replication, in cells depleted of Higd-1a ( Fig. 3 B-E). Collectively, our observations demonstrate that Higd-1a silencing does not induce cell death but inhibits proliferation. In addition, it does not have a serious impact on mitochondrial membrane potential or ATP production.
Higd-1a Does Not Form Homomultimers but Binds to Opa1. Higd-1a is a rather small membrane protein with two transmembrane domains that are highly conserved. It was suggested that these domains may interact with each other or with other components to form oligomeric complexes (18) . Therefore, we first examined whether Higd-1a acted as a homomultimer, by testing for coimmunoprecipitation of Flag-and myc-tagged proteins. Immunoblotting of a lysate of HEK293T cells cotransfected with Higd-1a-Flag and Higd-1a-myc yielded two Higd-1a-tagged bands in the input lanes (Fig. 4A) . However, when the lysate was immunoprecipitated with anti-Flag, no band corresponding to myc-tagged Higd-1a was seen and vice versa, demonstrating that Higd-1a does not bind to itself.
To identify factors interacting with Higd-1a, we first performed a pulldown assay of cells overexpressing Higd-1a-Flag, followed by MALDI-TOF analysis of the pulled down proteins. In this way, we isolated four proteins: dynamin-1-like protein, Drp1 (NM_012062, 81 kDa, 14 peptide matches, mascot score of 49), mitochondrial ribosomal protein L38 (NM_032478, 44 kDa, 10 peptide matches, mascot score of 26), dynamin-like 120 kDa protein, Opa1 (NM_015560, 111 kDa, 18 peptide matches, mascot score of 37), and mitochondrial solute carrier family 25, SLC25A25 (NM_052901, 53 kDa, 9 peptide matches, mascot score of 33). However, none of these fell within the 95% confidence interval. Next we performed blue native gel electrophoresis (BN-PAGE) and coimmunoprecipitation with immunoblotting. On BN-PAGE, Higd-1a appeared in several high molecular mass complexes above the position of ∼300 kDa (Fig. S2 ). Because there were clear morphological changes of miotchondria in Higd-1a-depleted cells, our aim was to examine whether Higd1a comigrated with some of the fusion or fission components including Opa1 and Drp1 described above. Opa1 formed multiple bands above ∼300 kDa, corresponding to oligomeric complexes of its S and L forms. Other mitochondrial proteins such as Drp1, presenilin-associated rhomboid-like protease (PARL), apoptosis-inducing factor (AIF), and Hsp60 appeared as clear single bands. Next, immunoprecipitation of HEK293T cell lysates with anti-Higd-1a showed that endogenous Higd-1a clearly pulled down Opa1 and Mfn1 (Fig. 4B) . However, Higd-1a did not physically interact either with the fission-related proteins Drp1 and Fis1 or with other transmembrane or soluble proteins such as Tom20, cytochrome c, or Hsp60. Likewise, there was no evidence of interaction between Higd-1a and proteases involved in Opa1 cleavage (m-AAA protease paraplegin and i-AAA protease Yme1L). BNIP3, a mitochondrial proapoptotic BH3-only protein of the Bcl-2 family, is an outer mitochondrial membrane protein involved in mitochondrial fission and apoptosis (29) . Higd-1a did not interact with BNIP3 in hypoxiatreated cells either (Fig. 4C) . Because the basal level of BNIP3 is low, and its expression is strongly induced by hypoxia, cells exposed to 0.1% oxygen were used for the BNIP3 immunoprecipitation.
Mfn1 is an outer membrane protein that cooperates with Opa1 in mitochondrial fusion, and it is known to interact with both L and S Opa1 isoforms (30) . Therefore, we tested whether Higd-1a interacted with either Opa1 or Mfn1. After cells were transfected with Opa1 siRNA to knockdown Opa1, mitochondrial lysates were immunoprecipitated with anti-Higd-1a, and the amount of Opa1and Mfn1 pulled down by anti-Higd-1a was compared with the amount pulled down in mock-transfected cells (Fig. 4D, lanes 2 and 4) . Levels of both Opa1 and Mfn1 pulled down were decreased, although only Opa1 expression was lower in the input lane after transfection of siRNA, suggesting that Mfn1 is pulled down indirectly by Higd-1a after it (Mfn1) forms a complex with Opa1 (Fig. 4D) . The specific interaction of Higd-1a with Opa1 was confirmed by treating cells with carbonyl cyanide m-chlorophenyl hydrazone (CCCP) for 30 min. In response to CCCP treatment, the L form of Opa1 was completely cleaved into its small forms, as previously reported (9) , and antiHigd-1a could not pull down these small forms (Fig. 4E) . This result demonstrates that the N-terminal domain of Opa1, the transmembrane domain and the region proximal to the transmembrane domain, are required for the interaction between Opa1 and Higd-1a. Although Mfn1 levels were unchanged after CCCP treatment, Mfn1 pulled down by anti-Higd-1a completely disappeared, showing again that Mfn1 binding to Higd-1a depends on its interaction with Opa1. The interaction was further confirmed by reversal of immunoprecipitation with anti-Opa1: Anti-Opa1 pulled down endogenous Higd-1a and Mfn1 in lysates in the absence of CCCP treatment; when cells were exposed to CCCP, the interaction between Opa1 and Mfn1 was observed but not that between Opa1 and Higd-1a (Fig. 4E) . We constructed a mutant form of Higd-1a, designated Higd-1a-ΔNT (27-95 amino acids), with 26 N-terminal amino acids deleted. We showed that the missing region was necessary for the survival effect of Higd-1a (22) . We used this mutant in the present study to examine whether the same region was required for its interaction with Opa1. The N-terminal deletion did not alter the mitochondrial localization of the protein: Higd-1a-ΔNT-Flag colocalized with MitoTracker, like wild-type Higd-1a-Flag (Fig. S3A) . To determine the sublocalization of the mutant protein within the mitochondria, cells were treated with varying concentrations of digitonin plus proteinase K. Tom20 is an outer mitochondrial membrane protein that is immediately digested by proteinase K in the absence of digitonin treatment (Fig. S3B) . In our experiment, Higd-1a-Flag and Higd-1a-ΔNT-Flag were resistant to proteinase K in the absence of digitonin, but were digested by proteinase K after treatment with 0.2 mg/mL digitonin, which selectively permeabilizes the outer mitochondrial membrane and enables digestion of the proteins in the intermembrane space (31) . Although complete digestion required higher concentrations of digitonin, we were able to conclude that both wild and mutant Higd-1a showed similar protease sensitivity and both were located in the inner mitochondrial membrane. Immunoelectron microscopy yielded results consistent with this data of sublocalization: Most of the gold-labeled Higd-1a-Flag and Higd-1a-ΔNT-Flag proteins were found inside the mitochondria but not in the mitochondrial matrix (Fig. S3C) . Reciprocal co-IP experiments using Higd-1a-Flag, Higd-1a-ΔNT-Flag, and Opa1 showed that only Higd-1a-Flag interacted with Opa1, and that deletion of the N-terminal tail almost completely inhibited the interaction (Fig. 4F) . This result demonstrates that the N-terminal tail, which is exposed to the intermembrane space, is necessary for the interaction of Higd-1a with Opa1.
Higd-1a Overexpression Delays Cleavage of the L Opa1 Isoform. To confirm the effect of Higd-1a on Opa1 cleavage, we tested whether Higd-1a overexpression prevented cleavage. We placed HEK293T cells under hypoxic conditions (0.1% O 2 ) for 12 h. Cleavage of the L Opa1 isoform was observed immediately in mock-transfected cells, whereas overexpression of Higd-1a delayed cleavage for up to 6 h (Fig. 5A ). Opa1 processing was also examined by using CCCP, which dissipates the mitochondrial membrane potential resulting in Opa1 cleavage and mitochondrial fragmentation. When we treated HEK293T cells with CCCP, L Opa1 quickly disappeared from the cells transfected with mock vector, and the S isoforms accumulated (Fig. 5B) . However, overexpression of Higd-1a-Flag stabilized the L isoform for up to 9 min. Thus, although Higd-1a overexpression did not block cleavage of L Opa1 completely, it delayed it. The effect of Higd1a overexpression was also reflected in the morphology of the mitochondria and in cell survival. HeLa cells were treated with CCCP for 15 min after transient transfection with the Higd-1a-Flag and Higd-1a-ΔNT-Flag vectors. Confocal fluorescence microscopy clearly showed that overexpression of Higd-1a-Flag inhibited CCCP-induced mitochondrial fragmentation (Fig. 5C) . In contrast to wild-type Higd-1a, overexpression of Higd-1a-ΔNT-Flag did not prevent the CCCP-induced mitochondrial fragmentation, indicating that the N-terminal region of Higd-1a, which is responsible for the interaction with Opa1, is also essential for its function. Higd-1a also affected overall cell survival: Whereas approximately 40% of the mock-transfected cells were round, and detached from the surface of the culture dish after 30 min of CCCP treatment, more than 90% of the Higd-1a-Flagtransfected cells retained their original morphology (Fig. S4) . It should be noted, however, that at this point both mock-and Higd-1a-Flag-transfected cells yielded similar amounts of viable cells, and their mitochondria reverted to their filamentous morphology after CCCP washout. Therefore, we examined the effect of extended CCCP treatment. Cells were treated with 10-50 μM CCCP for 1 h, and after 24 h of washout, total viable cells were counted by using Trypan blue exclusion. Following treatment with 10-15 μM, there were two-to threefold more viable Higd1a-Flag-transfected cells than viable mock-transfected cells (Fig.  5D ). Based on these observations, we conclude that Higd-1a at least partially inhibits cleavage of Opa1, thus conserving mitochondrial morphology and prolonging cell survival.
Finally, we examined whether the expression of L Opa1 alleviated the growth retardation of Higd-1a-silenced cells. HEK293T cells were transfected with Higd-1a siRNA in the presence and absence of Opa1 or Opa1-ΔS1, a deletion mutant lacking a cleavage site S1 (9) . As shown in Fig. 5E , the total cell proliferation of the Higd-1a-depleted cells was only 36% of that of the control cells. Although overexpression of wild-type Opa1 only increased a few additional cells (40.3 ± 9.7%), and its minimal effect probably resulted from cleavage of wild-type Opa1 in the Higd-1a-depleted cells, the presence of Opa1-ΔS1, which generates a single L isoform, significantly increased the number of viable cells (75.5 ± 2.2%). This experiment demonstrates that the roles of Higd-1a in mitochondria are closely connected with maintenance of the L isoforms of Opa1 and the preservation of mitochondrial morphology.
Discussion
Opa1 is essential for mitochondrial fusion, cristae organization, and cell apoptosis (9, 16, 17) . Balanced expression of the L and S isoforms is a prerequisite for their optimal functioning, and further processing of the L isoform completely destroys Opa1 activity (9) . In this study, we characterized the role of Higd-1a in mitochondria and showed that it regulates mitochondrial fusion by inhibiting cleavage of Opa1. Our finding is based on several observations. First, depletion of Higd-1a led to cleavage of L Opa1 into its S isoforms (Fig. 2 A and B) . Second, the role of Opa1 in mitochondrial fusion and cristae organization required both the L and S isoforms and, thus, the cellular changes in Higd-1a-depleted cells, such as mitochondrial fragmentation, irregular and hollow-shaped cristae, severe loss of mtDNA, and poor cell growth, mimicked those seen in Opa1 knockdown cells (Figs. 1-3) . Third, overexpression of Higd-1a inhibited the processing of Opa1 induced by hypoxia and CCCP (Fig. 5 A and B) . Concurrently, mitochondrial fragmentation induced by CCCP treatment could be inhibited by wild-type Higd-1a, but not by Higd-1a-ΔNT, a mutant form of Higd-1a with 26 N-terminal amino acids deleted (Fig. 5C) . Fourth, expression of L Opa1 opposed the inhibition of proliferation of Higd-1a-silenced cells (Fig. 5E) .
Inducible Opa1 cleavage occurs under various conditions, mainly associated with severely decreased mitochondrial membrane potential, apoptosis, and decreased ATP levels (10, 12, 13) . It is likely that under our experimental conditions, Higd-1a directly inhibited the processing of Opa1: We observed no evidence of apoptosis, dissipation of membrane potential, or reduced cellular ATP (Fig. 3 F and G and Fig. S1 ), and the idea that Higd-1a directly regulates Opa1 processing is also based on the coprecipitation of Opa1 with Higd-1a (Fig. 4) . The Nterminal domain of Opa1 appears essential for its interaction with Higd-1a: Our experiments showed that the soluble S forms of Opa1 did not interact with Higd-1a at all. Although Mfn1 can also be immunoprecipitated by anti-Higd-1a, that interaction seems to be indirect, because Opa1 knockdown or cleavage eliminated not only the interaction of Opa1 with Higd-1a but also that of Mfn1 with Higd-1a. Moreover, we showed that deletion of the 26-aa N-terminal region of Higd-1a completely eliminated its interaction with Opa1 and activity in mitochondrial fusion (Figs. 4F and 5C ). This region includes some highly conserved basic amino acids and is present in the mitochondrial intermembrane space proximal to the transmembrane domain (18) . Thus, its position provides the opportunity for Higd-1a to approach the N-terminal domain of Opa1. Our results indicate that the interaction between Higd-1a and Opa1 is specific and probably related to Opa1 cleavage.
Our observations suggest that the role of Higd-1a in Opa1 cleavage can be explained in two different conditions of normal and stressed one. In normal cells, Higd-1a depletion directly disturbs the maintenance of the L Opa1 isoform and has several consequences that contribute to mitochondrial disorganization and decreased cell proliferation. The decreased proliferation is clearly a consequence of L Opa1 cleavage, as demonstrated in our reconstitution experiment with the noncleavable L Opa1 isoform (Opa1-ΔS1), which restored the cells' proliferative capacity (Fig. 5E) . Meanwhile, under conditions of cellular stress, Higd-1a overexpression is necessary, although not sufficient to completely inhibit Opa1 cleavage (Fig. 5 A and B) . In other words, constitutive expression of Higd-1a is sufficient to maintain Opa1 integrity in normal conditions, and its overexpression alleviates cellular stress by delaying Opa1 cleavage, although it does not completely prevent it. The processing and preservation of Opa1 is regulated via a series of complex steps. Multiple proteases such as PARL, m-AAA, and OMA1 metalloprotease are known to be involved in the inducible cleavage (14, 15, 32) . OMA1, in particular, appears to play a key role in Opa1 cleavage in the absence of m-AAA proteases, and its activity is thought to be controlled by protease-dependent digestion. It has also been postulated that Opa1 cleavage is regulated by spatial sequestration in lipid microdomains of the inner membrane with the help of prohibitin complexes that bind to m-AAA proteases (33) (34) (35) . Finally, Opa1 cleavage may depend on the type of stress and tissue, both of which affect the expression of proteases. To sum up, cleavage of Opa1 appears to be tightly regulated by different sets of proteases and some inner membrane proteins in response to external stimuli. Based on our observations, Higd-1a expression alone is unlikely to completely protect Opa1 against cleavages induced by the different proteases and stress stimuli. However, although this protection is imperfect, it plays a crucial role in maintaining mitochondrial morphology and promoting cell survival. Specifically, overexpression of Higd-1a in our study clearly inhibited CCCP-induced mitochondrial fragmentation (Fig. 5C ). In addition, when cells were treated with 10-20 μM CCCP and counted after CCCP washout, there were two-to threefold more total viable Higd-1a-transfected cells than viable mock-transfected cells (Fig. 5D) . These findings are consistent with previous reports showing that Higd-1a promotes cell survival and opposes apoptosis caused by hypoxia and low glucose levels. Wang and coworkers showed that such apoptosis was inhibited by ectopic expression of Higd-1a in pancreatic β cells (18, 36) . We have shown that hypoxia-induced apoptosis can be prevented by overexpression of Higd-1a in RAW264.7 macrophages (22) .
Although Higd-1a is ubiquitous, it is induced by hypoxia in a HIF-1-dependent manner (22) . The human and mouse forms of Higd-1a are highly expressed in the brain, heart, and kidney (18, 22) . By regulating mitochondrial homeostasis, Higd-1a may permit these major organs to resist external stimuli such as hypoxia. Recently it was suggested that Higd-1a has another function in mitochondria, namely to bind and inhibit the mitochondrial γ-secretase, which digests a broad spectrum of substrates belonging to the family of type 1 transmembrane proteins including Notch and amyloid precursor protein (37) . This functional role of Higd-1a was suggested by the observation that hypoxia-induced mitochondrial dysfunction was associated with amyloid β accumulation. To improve our understanding of the role Higd-1a plays in cellular responses to hypoxia and in the maintenance of mitochondrial integrity, and to develop strategies to combat hypoxia-related diseases, more detailed studies are warranted.
Materials and Methods
For further detail, please see SI Materials and Methods.
Antibodies, Reagents, Transfection Constructs, and siRNA Oligonucleotides. Rabbit anti-Higd-1a antibody was raised against a synthetic peptide corresponding to residues 9-21 of human Higd-1a and further purified by affinity chromatography before use.
Mitochondrial Isolation, Immunoprecipitation, and Digitonin/Proteinase K Assays. Mitochondrial samples each derived from 2 × 10 7 cells were prepared by using a mitochondrial isolation kit (Pierce), following option A of the manufacturer's protocol.
Assessment of Cell Growth, Analysis of ATP Content, and Quantification of mtDNA. ATP levels in total cell lysates, cytoplasm, and mitochondrial fractions were measured by using an ATP Lite Kit (Perkin-Elmer Life Sciences). samples were spun at 14,400 × g for 10 min at 4°C. The pellets were analyzed by Western blotting.
Assessment of Cell Growth, Analysis of ATP Content, and Quantification of mtDNA. Cell cycle analysis was performed by using propidium iodide (PI) staining as described (2). Annexin V binding and PI staining of apoptotic cells were performed according to the manufacturer's protocol (Annexin V:FITC Apoptosis Detection Kit II; BD Biosciences Pharmingen). For BrdU staining, cells were incubated with 50 μM BrdU for the final 24 h of culture. After harvesting, they were fixed in ice-cold 70% (vol/vol) ethanol and permeabilized with 2 M HCl. Incorporation of BrdU was determined by flow cytometry after staining with anti-BrdU and anti-mouse IgG FITC-conjugated antibodies. For clonal assays, cells were seeded in six-well plates at 2 × 10 3 cells per well. After 16 h, scrambled and Higd-1a siRNAs were transfected into the cells. After being rinsed with fresh medium, the cells were allowed to grow for 2 wk to form colonies, which were then stained with crystal violet solution [0.25% (wt/vol) crystal violet and 3.7% (vol/vol) formaldehyde in 80% (vol/vol) methanol]. For the MTT assay, during the last 4 h of incubation, 50 μL of 1 mg/mL 3-(4,5-dimthylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was included on each plate. The formazan produced by the viable cells was dissolved in dimethyl sulfoxide and the absorbance was measured at 540 nm.
ATP levels in total cell lysates, cytoplasm, and mitochondrial fractions were measured by using an ATP Lite Kit (Perkin-Elmer Life Sciences). Briefly, for each fraction, 50 μL of lysate plus 50 μL of substrate solution were transferred into a 96-well black microtiter plate and incubated for 10 min in the dark. Luminescence was measured on a VICTOR3 Multilabel Reader (PerkinElmer Life Sciences).
Relative mitochondrial DNA content was evaluated as described (3). Briefly, total DNA was obtained by resuspending cells in extraction solution (0.2 mg/mL proteinase K, 0.2% (wt/ vol) SDS, and 5 mM EDTA in PBS) and precipitating the DNA with isopropanol. Quantitative real-time PCR was performed with a Rotor Gene 2000 (Cobett Research) and a SYBR Green I reaction (Qiagen) according to the manufacturer's instructions.
Fluorescence Microscopy and Transmission Electron Microscopy. For the experiments in Fig. 1 , HeLa cells were stained with 125 nM MitoTracker red CMXRos and fixed with formaldehyde. For the experiments in Fig. 5 and Fig. S3 , mitochondria were detected after transfection with Higd-1a-Flag or Higd-1a-ΔNT-Flag vectors. For colocalization of Higd-1a and mitochondria, cells were stained with MitoTracker red CMXRos, fixed, and processed for antibody staining with anti-Flag M2-FITC conjugate. Fluorescence microscopy was performed with an LSM5LIVE, Carl Zeiss microscope by using a Carl Zeiss immersol 518F oil objective. Images were acquired at room temperature (22°C) with a charge-coupled device detector controlled by LSM5LIVE version 4.2 SP1(Carl Zeiss). Image files were processed with Photoshop software (Adobe). To determine mitochondrial morphology, cells were classified visually under the fluorescence microscopy into three morphological types: tubular, intermediate and fragmented. "Tubular" referred to cells in which most mitochondria were interconnected, and "Fragmented" referred to cells that contained mainly spherical mitochondrial fragments. Examples of tubular and fragmented morphologies are shown in Fig. 1 .
For transmission electron microscopy, cells were fixed in 2.5% glutaraldehyde for 2 h at 4°C, washed with 0.1 M phosphate incubated for 30 min on ice, and centrifuged at 16,600 × g for 30 min. The supernatants were supplemented with 2.5 μL of Coomassie blue G solution [5% (wt/vol) Coomassie blue G in 0.5 M aminocaproic acid] and loaded on top of a 4-16% Bis·Tris gradient gel (NativePAGE Novex). Electrophoresis was conducted overnight at 200 V and at 4°C. The proteins were transferred onto a PVDF membrane and immunoblotted by using the indicated antibodies.
For MALDI-TOF, HEK293T cells were transfected with mock and Higd-1a-Flag vectors and incubated for 2 d. After lysing the cells, immunoprecipitation was performed overnight at 4°C using an anti-FLAG M2 affinity gel. After washing five times, the beads were eluted with a 30 μL solution of Flag peptide. The eluent was analyzed by 6-10% (wt/vol) SDS/PAGE, and the gel was silver stained by using a Power Stain Silver Stain Kit (ELPIS; catalog no. EBP-1051). Protein bands that were prominent in the Higd-1a-Flag transfected cells but not in the mock-transfected cells were excised and analyzed by mass spectrometry (Yonsei Proteome Research Center). The database search program MAS-COT (www.matrixscience.com) was used for protein identification. . BN-PAGE analysis of mitochondrial fractions. Mitochondrial fractions were isolated from exponentially growing HEK293T cells. They were lysed with 1.5% DDM for 30 min on ice, and 30 μg of protein samples were separated on a 4-16% Bis-Tris gradient gel after adding Coomassie blue G solution. Immunoblotting was performed by using antibodies against the indicated proteins. Marker proteins are BSA (66 kDa), lactate dehydrogenase (146 kDa), B-phycoerythrin (242 kDa), apoferritin band 2 (480 kDa), and apoferritin band 1 (720 kDa).
